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The ocean plays a key role in global carbon cycling, taking up CO2 from the atmosphere.
A fraction of this CO2 is converted into organic carbon through primary production in the surface
ocean and sequestered in the deep ocean through a process known as the biological pump. The
ability of the biological pump to sequester carbon away from the atmosphere is influenced by the
interaction between the annual cycle of ocean mixed layer depth (MLD), primary production,
and ecosystem processes that influence export efficiency. Gravitational sinking of particulate
organic carbon (POC) is the largest component of the biological pump and the aspect that is best
represented in Earth System Models (ESMs). I use ESM data from CESM2, an ESM
participating in the Coupled Model Intercomparison Project Phase 6 (CMIP6), to investigate how
a high-emissions climate change scenario will impact POC flux globally and regionally over the
21st century. The model simulates a 4.4% decrease in global POC flux at the 100 m depth
horizon, from 7.12 Pg C/yr in the short-term (2014-2034) to 6.81 Pg C/yr in the long-term
(2079-2099), indicating that the biological pump will become less efficient overall at
sequestering carbon. However, the extent of change varies across the globe, including the largest
POC flux declines in the North Atlantic, where the maximum annual MLD is projected to shoal
immensely. In the future, a multi-model comparison across ESMs will allow for further analysis
on the variability of these changes to the biological pump.
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1.1 Climate change impacts on the ocean
Anthropogenic climate change, as caused by the burning of fossil fuels and rapid land use
change since the start of the Industrial Revolution, poses major threats for the ocean. Warming
temperatures, ocean acidification, and ocean deoxygenation are causing cascading impacts for
marine biogeochemical cycles and ecosystem dynamics (Bopp et al., 2013; Gruber, 2011).
Increasing sea surface temperatures are causing physical changes, such as increased
stratification, reduced mixing, increased frequency and intensity of marine heat waves, and
decreased carbon dioxide and oxygen gas solubility (Frölicher et al., 2018; Kwiatkowski et al.,
2020). These physical and chemical changes also induce changes to marine species and
ecosystems, including poleward shifts in species distribution, changes in metabolism, increased
physical stress to organisms, and biodiversity declines (Bopp et al., 2013; Doney et al., 2012).
Because of increased stratification, the supply of nutrients to the euphotic zone is reduced,
leading to global declines in phytoplankton productivity (Behrenfeld et al., 2006). Furthermore,
stratification reduces ventilation of the water column, leading to the creation of more hypoxic
(low oxygen) and anoxic (no oxygen) areas where organism mortality increases and
biogeochemical cycling is altered (Oschlies et al., 2018). The ocean’s absorption of CO2 has
helped keep carbon out of the atmosphere, but it is causing ocean acidification - a decline in
ocean pH and shifts in seawater carbonate chemistry, which reduces the ability of calcifying
organisms to create their shells and survive (Doney et al., 2009). Together, these impacts of
anthropogenic climate change have synergistic effects that we are just beginning to understand
(Gruber, 2011) and will greatly impact marine ecosystems and the ocean’s role in the carbon
cycle (Bopp et al., 2013; Kwiatkowski et al., 2020).
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1.2 The biological carbon pump
The ocean plays a key role in the carbon cycle as a large carbon sink, absorbing ~30% of
anthropogenic carbon emissions (Bopp et al., 2013), or 2.5 ± 0.6 GtCyr-1 in the last decade
(Friedlingstein et al., 2020). After CO2 is converted to organic carbon by phytoplankton, a
fraction of this organic carbon sinks to the deep ocean and remains out of contact with the
atmosphere on a time scale of seasons to centuries - a process known as the biological pump (Le
Moigne, 2019; Siegel et al., 2014). Without the biological pump, it is estimated that the CO2
concentration in the atmosphere would be ~200 ppm higher (Parekh et al., 2006). The biological
carbon pump is a highly complex system with many component processes that remain poorly
understood and quantified. It functions through three main forms: 1) gravitational flux, or
sinking, of particulate organic carbon (POC), 2) downward transport of neutrally buoyant
organic carbon via circulation of water masses, and 3) vertical animal migrations, including the
seasonal copepod lipid pump and diurnal vertical migration (DVM) by zooplankton and fish that
feed at the surface at night and return to the mesopelagic during the day, releasing organic carbon
in the form of fecal pellets at depth (Jónasdóttir et al., 2015; Le Moigne, 2019). POC, also known
as “marine snow”, is organic carbon that is large or dense enough to sink. It is made up of dead
phytoplankton, aggregates of cells, and zooplankton fecal pellets (Le Moigne, 2019). POC
differs from dissolved organic carbon (DOC) because DOC is organic carbon that is either
dissolved in water or too small to sink. DOC only sinks by physical mixing (Le Moigne, 2019).
Both are important components to the total biological pump export (Boyd et al., 2019), though
this thesis focuses primarily on POC flux.
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1.3 Export and transfer efficiency of the biological pump
The overall strength of the biological pump is influenced by both the rate of primary
production in the surface ocean, and by biological and physical influences on the efficiency of
organic matter transfer from the surface into the deep ocean. Photosynthesis by phytoplankton in
the surface ocean generates organic matter (also referred to in this thesis as organic carbon,
marine snow, and POC). The majority of this organic matter is remineralized - i.e. consumed by
heterotrophs through respiration - but a fraction sinks out of the surface ocean and into the deep
ocean. The deeper POC sinks, the more time it has to be remineralized back into inorganic
carbon (dissolved CO2), leading to POC flux attenuation at depth (Le Moigne 2019). Flux
attenuation occurs exponentially in the water column, and has been mathematically modeled in
several ways (Cael and Bisson 2018), such as the Martin Curve (Martin et al. 1987). The strength
of the biological pump can be influenced by how fast remineralization is occurring, as well as the
speed that organic matter sinks (Le Moigne 2019). This affects the export efficiency (e-ratio) of a
region, which is the fraction of net primary productivity (NPP) that is exported past a defined
depth (Laufkötter et al., 2016; Palevsky & Doney, 2021). E-ratio, as well as POC flux, are
impacted by the choice of depth horizon. Common depth horizons used include 100 m, the depth
of the euphotic zone, the particle compensation depth, and the maximum annual mixed layer
depth (Palevsky and Doney 2018).
A key physical factor that influences the strength of the biological pump is ocean mixed
layer depth (MLD). The MLD is the surface layer of the ocean where the water column is well
mixed and active exchange is happening with the atmosphere. It is where most of the
photosynthesis in the ocean occurs, and it plays an important role in regulating Earth’s climate by
exchanging heat and carbon with the atmosphere and deep ocean (Sallée et al., 2021). MLD
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varies both seasonally and regionally based on the amount of physical mixing; the deepest mixed
layers are found in the winter when the most convective mixing occurs, and the MLD shoals in
the summer as increasing surface water temperatures stratify the water column (Palevsky &
Nicholson, 2018). Understanding the seasonal cycles of ocean MLD is important for
understanding the timescales with which carbon is sequestered via the biological pump because
carbon must sink below the maximum annual MLD (MLDmax) in order to be fully out of contact
with the atmosphere and to avoid remineralization- the respiration of organic carbon into CO2
(Palevsky & Nicholson, 2018). Thus, it is important to evaluate POC flux at the MLDmax, as
opposed to the 100 m depth horizon that it is typically evaluated at in climate models, because it
gives a more accurate picture of how much POC is being sequestered on time-scales longer than
a year (Palevsky & Doney, 2021; Palevsky & Doney, 2018). As climate change worsens, the
MLD is expected to shoal and the ocean is projected to become more stratified as a whole,
leading to reduced air-sea gas exchange, deep ocean ventilation, and biological productivity
(Sallée et al., 2021). However, there are still many uncertainties about how intense the impacts of
a shallower MLD will be, especially when it comes to complex processes like the biological
pump.
1.4 Climate change impacts on the biological carbon pump
Earth system models (ESMs) consistently agree that the strength of the biological carbon
pump is projected to decrease as climate change intensifies (Bopp et al. 2013; Cabré et al. 2015;
Fu et al. 2016; Laufkötter et al. 2016; Palevsky and Doney 2021), but the magnitude of the
change is uncertain, ranging from a 5% to a 20% decrease in POC flux (Laufkötter et al., 2016).
Even seemingly small reductions will have large feedbacks on the strength of the global carbon
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cycle because carbon is exported to the deep ocean at a higher rate than the surface ocean
absorbs carbon dioxide from the atmosphere (Friedlingstein et al., 2020; Palevsky & Doney,
2021). Furthermore, reductions in the efficiency of the biological pump could impact future deep
ocean acidification and deoxygenation (Oschlies et al. 2008). Understanding climate
change-related impacts on the biological pump requires investigating both physical impacts, such
as stratification due to surface ocean warming, and biological impacts, such as NPP changes due
to nutrient availability. As stratification increases, there is less mixing between the surface and
deep ocean, which has mixed impacts on the biological pump because it reduces surface nutrient
supply and subsequent NPP while at the same time preventing deep ocean carbon from being
ventilated back into the atmosphere (Fu et al., 2016; Palevsky & Doney, 2021). Globally, NPP is
projected to decrease for a variety of reasons (Bopp et al., 2013; Fu et al., 2016), which will
reduce the amount of organic carbon available for export via the biological pump.
1.5 Marine biogeochemical modeling’s role in analyzing the biological pump
Predicting climate change impacts on the biological pump, as well as understanding how
it functions overall, is limited by observational data. As a whole, large scale observations of the
biological pump are scarce, especially in remote areas of the ocean that are difficult to reach and
make continuous observations in. Our ability to make these observations is improving as
technology advances and as more time-series data is collected through projects, such as the
Oceans Observatory Initiative (OOI; Smith et al., 2018), the Bermuda Atlantic Time Series
(BATS; Steinberg et al., 2001), and the Hawaii Ocean Time Series (HOT; Karl & Lukas, 1996).
As a solution to the lack of observational studies, Earth System Models (ESMs) can help us
understand how the principles we have found in observations play out in a system where we can
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resolve global full-depth data. Understanding how the biological pump functions on a global
scale is no easy task, especially when thinking about what synergistic changes will occur in the
future as climate change continues. ESMs can also be used to simulate these future changes
without us having to wait for them to play out in the real world.
ESMs are computer models that allow us to better understand complex global-scale
dynamics by physically simulating processes and interactions of all aspects of Earth’s climate
system - including land, atmosphere, ocean, ice, and biosphere - under various climate scenarios
(Heavens et al., 2013). The ocean biogeochemistry component of ESMs is a powerful tool we
have to study the ocean carbon cycle and its response to future changes (Séférian et al., 2020).
The latest model advancements allow ESMs to include more complexities and increased nominal
resolution (model grid cell size), which is important for more precise regional applications
(Hayhoe et al., 2017; Walker et al., 2021). Furthermore, ESMs now include better representation
of lower trophic levels with more phytoplankton functional groups, finer-scale physical ocean
processes (i.e. mesoscale eddies), variation in stoichiometric ratios, and the parameterization of
more micronutrients (Séférian et al., 2020). One more key ESM improvement is that modeling
groups that participated in CMIP6 (described in the following section) have made archived depth
resolved POC flux data available for the first time (Orr et al. 2017). In the previous version,
CMIP5, modeling groups were only asked to archive POC flux data at the 100 m depth horizon.
Having POC flux data archived at all depths enables more complex analysis of influences on the
biological pump, such as that of MLDmax, and was a major motivating factor for the types of
analyses I performed in this thesis.
9
1.6 Coupled Model Intercomparison Project Phase 6 (CMIP6)
All data in this thesis come from models that are a part of the Coupled Model
Intercomparison Project Phase 6 (CMIP6), an internationally coordinated effort to provide
open-access data from the world’s most advanced General Circulation Models (GCMs; see
section 2.1) and ESMs (Eyring et al., 2016). CMIP6 provides climate change projections for a
variety of fossil fuel emissions and land use scenarios, including future climate and paleoclimate
(Juckes et al., 2020; O’Neill et al., 2016). CMIP was started over 20 years ago, and has since
grown into a complex project made up of 23 independently-led, CMIP-endorsed model
intercomparison projects (MIPs), each with their own specialized research questions and focus
(Juckes et al., 2020). Predictions from CMIP are used to inform the Intergovernmental Panel on
Climate Change’s (IPCC) global synthesis reports, such as the upcoming sixth assessment report
(AR6), which will help create mitigation and adaptation strategies for future climate change. As
a whole, CMIP6 models predict greater ocean warming, acidification, and deoxygenation, but
less net primary productivity declines than CMIP5 - the previous version of CMIP (Kwiatkowski
et al., 2020). One more key ESM improvement in CMIP6 is that modeling groups have made
archived depth resolved POC flux data available for the first time (Orr et al. 2017). In the
previous version, CMIP5, modeling groups were only asked to archive POC flux data at the 100
m depth horizon. Having POC flux data archived at all depths enables more complex analysis of
influences on the biological pump, such as that of MLDmax, and was a major motivating factor for
the types of analysis I performed in this thesis. CMIP6 is made up of the most advanced ESMs
available today and includes improvements from CMIP5 ESMs that have directly enabled
analysis of depth-related characteristics of the biological pump.
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1.7 Purpose and objectives
This thesis aims to investigate how carbon sequestration via the biological pump is
expected to change under a high-emissions scenario on both global and regional scales. I analyze
data from one CMIP6 model, the Community Earth System Model version 2.0 (CESM2;
Danabasoglu et al., 2020) to view spatial changes in the flux of particulate organic carbon (POC)
from the surface to the deep ocean, spatial changes in ocean MLD, as well as depth-resolved
POC flux changes in four high-latitude regions, one subtropical region, and one equatorial
region. The two questions that best frame my analysis are: 1) How is the flux of POC expected to
change under a high emissions scenario? and 2) What areas of the ocean will see the greatest
change in POC flux? Many of the analyses in this study are in line with Palevsky and Doney
(2021), which used data from CESM1, the previous version of CESM2 that was used in CMIP5,
allowing me to cross compare differences in projections between model comparison projects.
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Chapter 2: Methods
2.1 CMIP6 and ScenarioMIP
The data in this study come from the Coupled Model Intercomparison Project Phase 6
(CMIP6): the world’s leading international multimodel research project (Eyring et al., 2016).
Modeling centers from all across the globe have Earth System Models (ESMs) and General
Circulation Models (GCMs) that have been included in CMIP6, each with their own
mathematical configurations and variables. ESMs are computer models based on fundamental
equations of physics that are dynamically linked to include interactions between different parts of
the Earth system (i.e. land, ocean, atmosphere, biosphere, cryosphere, ocean biogeochemistry),
as well as how key variables (i.e. carbon, heat, etc.) travel through each component of the Earth
system (Eyring et al., 2016; Heavens et al., 2013). They include more variables and are more
complex than GCMs (Heavens et al., 2013), but both types of models have the same goal: to
understand how Earth’s climate system functions. In order to ensure each ESM is following the
same basic guidelines, CMIP6 requires each modeling group to run a set of common
experiments, known as the Diagnostic, Evaluation and Characterization of Klima (DECK)
experiments (Eyring et al., 2016). All data produced by the ESMs are standardized and publicly
available on the Earth System Grid Federation website (https://esgf-node.llnl.gov/). CMIP has
many applications, including informing the climate change projections used in the IPCC’s global
reports, as well as regional analysis.
Compared to CMIP5, the previous release of CMIP model data, CMIP6 builds upon
climate modeling advances made in CMIP5 by introducing a new set of future emission
scenarios, the Scenario Model Intercomparison Project (ScenarioMIP). The main advancement in
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ScenarioMIP is the development of five new shared socioeconomic pathways (SSPs) that
examine the interactions between physical climate change and global socioeconomic outcomes
(O’Neill et al., 2016; Tebaldi et al., 2020). SSPs have improved upon their CMIP5 equivalent,
the Representative Concentration Pathways (RCPs), by including both the change in radiative
forcing (W/m2) described in the RCPs and different societal outcomes in the 21st century. Each
SSP describes a possible trend in the development of society and ecosystems over the 21st
century, including varying strategies of adaptation and mitigation against climate change: SSP1 -
sustainability, SSP2 - middle of the road, SSP3 - regional rivalry, SSP4 - inequality, and SSP5 -
fossil-fueled development (O’Neill et al., 2014; Riahi et al., 2017). In my thesis, I focus on
scenario SSP5-8.5 because it is the scenario with the largest increase in radiative forcing and the
most unsustainable societal outcome: economic and social development supported by the
exploitation of fossil fuels, and energy and resource intensive lifestyles that become prominent
all around the world (Riahi et al., 2017). As a result of fossil-fuel dependence, SSP5-8.5 has the
highest carbon emissions and land use changes, leading to the most intense climate change
outcomes over the 21st century.
Aside from the reformatted climate change scenarios in ScenarioMIP, CMIP6 ESMs have
become more advanced and complex, especially in improvements made to biogeochemical
modeling - both in the land and ocean model components. The majority of models have
improved their horizontal nominal resolution, the size of the model grid cells, by using a finer
resolution (typically 100km) (Kwiatkowski et al., 2020; Séférian et al., 2020). Changes in ocean
models are particularly relevant because this ESM model component contains variables that will
impact model results related to POC flux and the ocean’s biological pump overall, such as MLD.
One such relevant change is improvements in vertical ocean model grid resolution, which allows
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models to better represent physical processes throughout the water column, such as stratification
and the sinking of organic matter, two key processes I am analyzing in this thesis. In terms of
their ocean model components, many CMIP6 ESMs have been updated to include more elements
of biogeochemical cycling. 8 out of 12 models have upgraded their ocean models, including
improved representation of dissolved oxygen, plankton functional types, micronutrients, and
variable stoichiometric ratios (Séférian et al., 2020).
2.2 Model Selection
Earth System Models were selected based on data availability. I developed the following
model criteria and used the Earth System Grid Federation search engine
(https://esgf-node.llnl.gov/search/cmip6/) to find which models met my search criteria. 1) The
model participated in ScenarioMIP and ran SSP5-8.5. 2) The model ran and archived the
following variables related to understanding the biological carbon pump: particulate organic
carbon flux (mol m-2 yr-1) at all depths throughout the water column (expc), particulate organic
carbon flux (mol m-2 yr-1) specifically at the 100 meter depth horizon (epc100), ocean mixed
layer depth (m) (mlotst), and net primary production (pp or ppos). 3) All the data needed were
available for download.
From these criteria, four different models qualified for use: CESM2, GFDL-ESM2,
MPI-ESM1-2, and UKESM1-0-LL (Table 1). The IPSL-CM6A model met criteria 1 and 2, but
the data were not available at the time of evaluation. Completing a multi-model comparison with
these five models would allow me to identify uncertainty due to internal model variability and
differing parameterizations between models (Semenov & Stratonovitch, 2010). However, doing a
multi-model comparison is much more complex than analyzing data from just one model, and
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ultimately I decided a multi-model comparison was too large of a scope for this thesis. Thus, I
moved forward by selecting the Community Earth System Model (CESM2; Danabasoglu et al.,
2020) for analysis. CESM2 was chosen because Palevsky & Doney (2021) completed a similar
analysis with CESM1 (Gent et al., 2011; Hurrell et al., 2013), the CMIP5 version of CESM,
which enables the ability to cross compare between CMIP5 and CMIP6 results.
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Ocean Grid






































Table 1. Description of Earth System Models that met the majority of search criteria, including
which modeling group constructed the model, the size of each model’s grid cells, the name of the
ocean component of the ESM, and the name of the marine biogeochemistry component of the
ESM.
2.3 Model Description
The Community Earth System Model (CESM2) is a fully-coupled ESM that
comprehensively models interactions between the atmosphere, land, ocean, and sea-ice
(Danabasoglu et al., 2020). Similar to many other ESMs in CMIP6, it has a nominal 1° (~100km)
grid resolution. Grid cells in the model are evenly spaced in the zonal direction, but are unevenly
spaced in the meridional direction. Additionally, the North Pole is displaced into Greenland, but
the Southern hemisphere uses spherical coordinates (Danabasoglu et al., 2020), making the
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CESM2 native grid appear slightly distorted compared to a standard map projection (Figure 1).
The ocean component of CESM2, Parallel Ocean Program version 2 (POP2; Smith et al., 2010),
is the same as CESM1, except it has numerical improvements in physical mixing and more
advanced parameterizations. The ocean biogeochemistry model component, Marine
Biogeochemistry Library (MARBL), is an updated version of the Biogeochemistry Elemental
Cycle model (BEC; Moore et al., 2004) used in CESM1. It includes Fe, O2, Si, P, N, and C in its
nutrient cycling component, simulates sinking particulate organic matter implicitly, has three
explicit phytoplankton functional groups (diatoms, diazotrophs, and pico/nano phytoplankton),
one implicit phytoplankton functional group (calcifiers), and one zooplankton functional group
(Danabasoglu et al., 2020; Séférian et al., 2020). The vertical grid points are not evenly spaced;
the CESM water column has a vertical resolution of 10 m up to a depth of 160 m, followed by a
decreasing resolution of up to 250 m all the way down to the model’s maximum depth of 5,500
m (Danabasoglu et al., 2020).
It is important to note that all spatial analysis was calculated on the CESM2 native grid to
ensure internal consistency in my calculations. Thus, when I refer to latitude and longitude in my
figures, it refers to approximated values based on the CESM native grid (Figure 1), not actual
map coordinates. This is also why all of the global figures found in this thesis do not have




Figure 1. CESM native grid. Each red dot represents one model grid cell. a) Global map
projection b) Northern-hemisphere mercator projection, showing the offset of the North Pole
over Greenland. Source: Hilary Palevsky.
2.4 Microsoft Azure Server Set-up
All data downloading and analysis were performed using a Linux server running Rstudio.
The R code written for this thesis is available at the following Github repository:
https://github.com/steviewalker/senior_thesis. Using Microsoft Azure, Microsoft’s cloud
computing service (Copeland et al., 2015), I built a virtual machine to be able to process large
amounts of ESM data. The main benefits of using cloud computing are increased computational
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capacity, high-speed data downloading using Microsoft’s WiFi, and unlimited amounts of storage
in the Azure cloud (Copeland et al., 2015). First, I created the virtual machine in the Azure
portal, and then I configured it using code from Morzaria-Luna (2020). I created and attached a
one terabyte data disk to my virtual machine for storing ESM data. Virtual machines can be
resized based on computational capacity needs; for most data analysis completed, I used the
standard D4s_v3 size (vCPUs: 4, RAM: 16GiB, max IOPS: 6400, temporary storage: 32 GiB).
2.5 Data acquisition and formatting
After setting up the server, I used the wget utility to download data from the ESGF web
server. Wget is a command utility used to download files from various web servers. In order to
organize and obtain wget download links from the ESGF website, I used the epwshiftr package
(Jia & Chong, 2021), storing the links in a file index. However, for unknown reasons, the
epwshiftr package did not work for every ESM. For the models it missed, I manually generated a
file index using Microsoft Excel. My initial download of data from five different ESMs was
approximately 240 gigabytes. All the data downloaded were in the format of network common
data form (NetCDF) files, a data abstraction meant for storing multidimensional scientific data
(Rew & Davis, 1990).
The raw CESM data was divided into two chunks based on the year, in order to make
each file smaller and thus, easier to download from the ESGF database. However, since I was not
limited by computational capacity, it was more convenient for me to combine all the files from
each variable into a single file. I used modified code from Walker (2020) to combine the CESM
files. CESM also had data from multiple ensemble members, but for simplicity’s sake, I chose
just one ensemble member, r10i1p1f1, for further analysis.
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2.6 Global Data Analysis
First, I collected all the file metadata from the combined CESM files. This allowed me to
understand how each variable is included in the NetCDF file and what the dimensions of each
file are. For example, the epc100 NetCDF file, particulate organic carbon (POC) flux at 100 m
depth, has three dimensions: latitude, longitude, and time. Next, I calculated average POC flux at
100 m for the entire globe (i.e. for each model grid cell) in a short-term 20 year climatological
mean (2014-2034) and a long-term 20 year climatological mean (2079-2099). I chose to
calculate short-term and long-term climatological means because this smooths out interannual
variability, making the long-term patterns at the beginning and end of the 21st century clear. I
also calculated the change in average POC flux at 100 m (long-term minus short-term), allowing
me to evaluate the modeled outcomes of worst-case-scenario climate change over the 21st
century.
The next step in my analysis was to calculate the average maximum annual mixed layer
depth (MLDmax). Here, the MLDmax was chosen rather than a different depth horizon because
below this depth, POC is considered fully sequestered away from contact with the atmosphere.
For example, convective winter mixing causes the mixed layer to deepen, ventilating it and
allowing POC to be remineralized instead of being sequestered on longer time-scales, which
makes MLDmax an appropriate choice for the depth horizon (Palevsky & Doney, 2018). First, I
calculated the maximum annual MLD at each grid cell for each calendar year for 20 years in the
short-term (2014-2034) and 20 years in the long-term (2079-2099). I then took the average over
the two 20 year periods to smooth out interannual variability. The final output was a matrix with
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a single MLDmax value for each latitude and longitude. I subtracted the long-term average
MLDmax from the short-term average MLDmax to find the change in MLDmax.
2.7 Regional Data Analysis
For my regional analysis, I calculated depth profiles from the more complex,
depth-resolved POC flux data, the expc NetCDF file, which includes four dimensions: latitude,
longitude, depth, and time. I selected six map points to analyze depth resolved POC flux (Figure
2): the Labrador Sea (a), Iceland Basin (b), Equatorial Eastern Pacific (c), Subtropical North
Pacific (d), Southern Ocean (e), and Bellingshausen Sea (f). I chose four high-latitude regions
because these are the regions where climate change impacts such as increased stratification and
changes in NPP are expected to be the strongest. More specifically, I chose the Labrador Sea and
Iceland Basin because it is a region where the MLD is projected to shoal extensively over the
21st century (Palevsky & Doney, 2021), and I chose the Southern Ocean and Bellingshausen Sea
because NPP is expected to increase in these regions (Cabré et al., 2015; Laufkötter et al., 2015).
I chose one equatorial region and one subtropical region to see any contrasts based on latitude.
Additionally, the Equatorial Eastern Pacific is a region of high NPP, so this region was also
chosen to see if there were any POC flux changes due to declines in nutrient delivery to the
surface ocean from increased stratification (Cabré et al., 2015). From these six points, I
calculated the average POC flux in the short-term (2014-2034) and in the long-term (2079-2099)
at each of the 60 depths included in the model. This allowed me to generate depth profiles for
each location. The climatological MLDmax for both the short-term and long-term was also
included in each depth profile.
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The second component of my regional analysis was looking at POC flux changes
between the short and long-term through two latitudinal transects, one along the Atlantic and one
along the Pacific (Figure 2). This involved calculating average POC flux in the short-term
(2014-2034) and in the long-term (2079-2099) at each depth and latitude along one chosen
longitude. Longitude was selected to include the most latitude grid cells with values (i.e. the
most continuous length of ocean). Looking at a transect allows us to see if there are any common
latitudinal patterns in POC flux change. Because the transects were made using the model’s
native grid, high Southern latitudes are indicated by low grid cell values (~0-50) and high
latitude Northern latitudes are indicated by high grid cell values (~330-380).
Figure 2. Location of POC flux depth profiles and POC flux transects, plotted over Figure 3c,
change in POC flux (mol m-2 yr-1) over the 21st century. The lettering of each point corresponds
with the depth profile in Figure 5. The vertical lines indicate the location of the POC flux
transects in Figures 6-9.
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Chapter 3: Results and Discussion
I begin with a global-scale analysis of CESM2 data by reproducing past CMIP5 model
analyses (Cabré et al. 2015; Fu et al. 2016; Laufkötter et al. 2016; Palevsky and Doney 2021) but
with the newest version of CESM from CMIP6. I analyze modeled POC flux at the 100 m depth
horizon because this is the depth horizon the majority of past literature has used to look at POC
flux in model simulations. The second component of my global analysis investigates changes in
stratification (MLDmax) over the 21st century. Past studies have completed this analysis using
CMIP5 models, namely Palevsky and Doney (2018 and 2021), which both recognized the
importance of using MLDmax as a depth horizon for calculating POC flux because POC that
makes it below the MLDmax is sequestered long-term. Thus, the 100 m depth horizon does not
give the whole picture of how POC flux is going to change because POC flux will be regionally
affected by stratification.
The second main section of my results presents a regional analysis of POC flux changes
in CESM2, illustrating the power of having depth-resolved model output to look at POC flux
change not only at 100 m, but throughout the full water column. This shows the interactions
between changes in POC flux and MLDmax. I begin my regional analysis with six depth profile
plots at specific stations of interest, illustrating the range of conditions found globally (see
section 2.7 for a justification of depth profile point selection). I also present latitudinal transects
of POC flux in the Atlantic and Pacific, allowing for cross comparisons of depth resolved
changes in different ocean basins, as well as visualizations of latitudinal trends in POC flux
change.
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3.1 Change in POC flux at the 100 m depth horizon over the 21st century
I first present POC flux at 100 m because this is the depth horizon that has been most
commonly used to assess POC flux and its change under climate change scenarios in past model
analyses. Spatial trends in POC flux remain similar throughout the 21st century simulation, as
presented in climatological mean POC flux over both the short-term (2014-2034) and the
long-term (2079-2099) 20 year periods evaluated (Figure 3a and b). POC flux is the highest in
the Equatorial Pacific and off the west coast of South Africa (Figure 3a and b). This is because
these areas are upwelling regions, where nutrients needed for photosynthesis are brought up from
the deep ocean and fuel high levels of primary productivity (Cabré et al., 2015). POC flux is
generally lowest in the subtropical ocean gyres and in the Southern Ocean (Figure 3a and b),
both regions that are nutrient-limited and have lower primary productivity.
Despite the similar overall spatial trends throughout the simulation (Figure 3a and b),
there is significant spatial variability in the change in POC flux (Figure 3c). The region with the
most widespread and severe POC flux decline is the North Atlantic. Here, increased stratification
leads to subsequent declines in convective mixing, reducing the supply of nutrients from North
Atlantic deep waters to the surface (Moore et al., 2013; Palevsky & Doney, 2021; Sallée et al.,
2021), which could be leading to NPP declines. Understanding the interaction between
stratification and productivity declines on POC flux will require analysis of additional model
variables, such as NPP and e-ratio (Palevsky & Doney, 2021). Changes in POC flux are
generally of a lower magnitude in subtropical and tropical latitudes. The region with the highest
levels of POC flux increase is the Southern Ocean (Figure 3c). This increase could be caused by
projected increases in Southern Ocean primary productivity (Cabré et al., 2015; Laufkötter et al.,
2015), as well as be related to a predicted increase in strength and poleward shift of winds that
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drive upwelling in the Southern Ocean (Fu et al., 2016). However, it is important to note that the
magnitude of POC flux is lower in the Southern Ocean compared to regions of POC flux decline,
such as the Equatorial Pacific and Northern Atlantic (Figure 3), resulting in an overall net global
POC flux decline.
Globally, the CESM2 model predicts a 4.4% decline in annual POC flux under SSP5-8.5
over the 21st century, from 7.1 to 6.8 Pg C yr-1. This decline in POC flux is in line with results
from the CMIP5 version of CESM2 (CESM1), however the magnitude of decline is lower in
CESM2 than CESM1, which predicted an 8.6% decline (Palevsky & Doney, 2021). Changes in
POC flux could be due to changes in NPP and/or in the e-ratio - the fraction of NPP that is
exported (Laufkötter et al. 2016). Since multiple aspects of the marine biogeochemistry
component were updated in CESM2, from BEC to MARBL (Table 1), and since ocean model
physics have also been updated (Danabasoglu et al. 2020), there are multiple possible
explanations for the difference in overall magnitude of decline between the two model versions.
More generally, this decline could also be linked to the trend of NPP declines being less
pronounced in CMIP6 than CMIP5 models (Kwiatkowski et al., 2020). Globally integrated
CESM2 POC flux results are on the low end of modeled predictions compared to CMIP5 model
results, which predicted anywhere between a 1% to 18% decline in global POC flux at 100 m
(Bopp et al., 2013; Cabré et al., 2015; Fu et al., 2016; Laufkötter et al., 2016).
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Figure 3. CESM2 modeled POC flux at the 100 meter depth horizon for the SSP5-8.5
high-emissions scenario. a) Short-term (beginning of the 21st century simulation) climatological
mean annual POC flux over the years 2014-2034. b) Long-term (end of the 21st century
simulation) climatological mean annual POC flux over the years 2079-2099. c) Change in
annual POC flux at the 100 m depth horizon over the 21st century simulation (difference between
the short and long term results in panels a and b). Note, the maps are plotted on the CESM2
native grid, resulting in the irregularly shaped continents and non-realistic map coordinates. All
gray spaces are model grid cells outside the spatial domain of the marine biogeochemical model
component.
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3.2 Change in maximum annual mixed layer depth over the 21st century
Understanding the causes of global POC flux decline requires examining both biological
and physical components of the biological pump, such as changes in ocean mixed layer depth. In
line with other modeling studies (Kwiatkowski et al., 2020; Laufkötter et al., 2016; Palevsky &
Doney, 2021), CESM2 predicts a global shoaling of maximum annual MLD (MLDmax) under a
high-emissions climate change scenario (Figure 4c). Climatological MLDmax in the short-term
(2014-2034) is in line with current observations of MLD, with the deepest MLDmax values of
over 1000 m occurring in the North Atlantic, and deep values around 400 m also occurring in the
Southern Ocean (Figure 4a). The shallowest MLDmax values occur in the equatorial ocean, where
sea surface temperatures are warmer and the water column is more stratified.
As climate change worsens, ocean mixed layer depth will continue to shoal globally due
primarily to ocean surface warming and in some regions, such as the North Atlantic, surface
freshening because of melting sea ice (Bopp et al. 2001; Fu et al. 2016). A more stratified ocean
inhibits the upwelling of nutrients from the deep ocean, leading to primary productivity declines
and reduced efficiency of the biological pump through POC flux declines. However, a more
stratified ocean reduces the depth that POC has to sink past in order to be sequestered away from
the atmosphere on longer time scales (Palevsky & Doney, 2021). Thus, changes in MLDmax can
have both positive and negative influences on the biological pump depending on which
component, biological (NPP) or physical (MLD), is more important in a given region.
Calculating POC flux at only the 100 m depth horizon does not capture the full picture of climate
change influences on the biological pump because many depths below 100 m are still part of the
mixed layer, where some POC is being remineralized rather than sequestered (Palevsky et al.
2016). Evaluating POC flux at multiple depth horizons, like the MLDmax, includes the influence
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of winter ventilation on POC flux, leading to more realistic predictions of global POC flux
change at the MLDmax depth horizon (Palevsky and Doney 2021). POC flux can be better
understood when looking at patterns throughout the entire water column, which is a key benefit
of increased depth-resolved POC flux data availability in CMIP6 models.
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Figure 4. CESM2 modeled POC flux at the 100 meter depth horizon for the SSP5-8.5
high-emissions scenario. a) Short-term (beginning of the 21st century simulation) climatological
mean annual MLDmax over the years 2014-2034. b) Long-term (end of the 21st century
simulation) climatological mean annual MLDmax over the years 2079-2099. c) Change in annual
MLDmax over the 21st century simulation (difference between the short and long term results in
panels a and b). Note, the maps are plotted on the CESM2 native grid, resulting in the
irregularly shaped continents and non-realistic map coordinates. All gray spaces are model grid
cells outside the spatial domain of the marine biogeochemical model component.
28
3.3 Depth-resolved variations in POC flux change over the 21st century
Given the strong regional variations in changes in POC flux (Figure 3c) and MLDmax
(Figure 4c), depth-resolved analysis of CESM2 model data allows for greater insights into
regional climate change impacts on the water column. Using depth resolved POC data, I
analyzed results from individual grid cells at points a through f in Figure 2 and latitudinal
transects in the Pacific and Atlantic Oceans, as indicated by the lines in Figure 2.
3.3a Depth profiles
The first component of regional analysis are the six depth profiles of POC flux (Figure 5).
Each profile shows an increase in POC flux with depth in the surface ocean, where
photosynthesis generates organic carbon, followed by a peak at the particle compensation depth,
which is the depth where maximum POC flux occurs. At the particle compensation depth, the
amount of photosynthesis that is occurring is equal to the amount of respiration. Below the
particle compensation depth, respiration exceeds photosynthesis, and the depth profiles resemble
the typically observed depth profile of sinking POC flux attenuation, where POC gradually
declines as remineralization occurs at depth (Cael and Bisson 2018; Marsay et al. 2015).
Of the six depth profile locations analyzed, locations a and b were chosen because they
are from areas where there is a strong decline over the 21st century in POC flux at 100 m (Figure
3). Locations c and d were chosen because they are two non-polar regions with more mild POC
flux change signals. Locations e and f were chosen because they are two regions with strong
signals of POC flux increase. In the Labrador Sea (Figure 5a, Table 2), there is a 58.4% decline
in maximum POC flux over the 21st century. The decline in POC flux can be seen throughout the
entire curve except for below depths of about 2000 m. Similarly, in the Iceland Basin (Figure 5b,
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Table 2), there is a 58.6% decline in maximum POC flux. Declines are seen throughout the entire
depth profile curve, but since the Iceland Basin point doesn’t extend below 2000 m, this is not
necessarily a direct contrast to the Labrador Sea depth profile. Locations a and b also have the
largest shoaling of the MLDmax out of the profile points chosen because of freshening in the
North Atlantic, consistent with a decline in nutrient supply to the surface ocean, which could
have contributed to the decrease in POC flux.
Even though the POC flux decreases over the 21st century in the Labrador Sea and
Iceland Basin depth profiles, the transfer efficiency to depth increases, meaning a greater percent
of the maximum POC flux is exported past the depth horizons of 100 m, 500 m, and 1000 m
(Table 2). In other words, the percent of the POC flux through the particle compensation depth
that reaches the deeper depth horizons increases between the short-term and the long-term (Table
2). It is important to note that the results of percent export at the given depth horizons would be
different if curves were normalized at 100 m because the flux attenuation above 100 m is very
different between the short-term and the long-term results (Table 2). Increasing transfer
efficiency to depth is important because deeper remineralization depths lead to longer-term
carbon sequestration. Transfer efficiency through the water column is influenced by the
interactions between the particles' sinking rate and the rate of respiration consuming the
particles; changes between the short-term and the long-term depth profiles are the result of
changes in one of both of these factors.
In the Equatorial East Pacific (Figure 5c), POC flux is of a much greater magnitude than
any other depth profile analyzed, with a maximum POC flux of 12.68 mol m-2 yr-1 (Table 2).
There is a 24.5% decline in maximum POC flux between the beginning and end of the 21st
century in the Equatorial East Pacific, but it is important to note that fractional changes in
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locations such as this one, with the highest absolute magnitude of flux at the beginning of the
century, will have a disproportionately large effect on globally integrated changes. Furthermore,
the absolute fluxes at depth (Table 2) are larger in the Equatorial East Pacific than any other
region analyzed, leading to large amounts of carbon sequestration in this region.
In the Subtropical North Pacific, there is comparatively less change in the depth profile
curve than other points (Figure 5d). There is a 7.4% increase in maximum POC flux over the
21st century, which is a smaller change than the other depth profile points highlighted here.
Compared to the Equatorial East Pacific, this region has very low POC flux overall (Figure 3a
and b), which is because ocean gyres are nutrient limited and host less primary productivity
(Cabré et al. 2015; Laufkötter et al. 2016). Locations similar to the Subtropical North Pacific,
with lower POC flux from the surface but higher transfer efficiency to depth, are places where
we might underestimate their role in carbon sequestration if we were only looking at the flux at
100 m, which reflects the importances of depth-resolved analysis.
In the two regions in the Southern Ocean (Figure 5e and 5f), POC flux increases despite
slight MLDmax shoaling. In point e) Southern Ocean, there is a 71% increase in maximum POC
flux, which is most likely related to increases in NPP in this region (Cabré et al., 2015;
Laufkötter et al., 2015). Similarly, the 46% increase in maximum POC flux in the Bellingshausen
Sea (Table 2) is likely related to the same reason. Depending on the extent of MLDmax shoaling in
the Southern Ocean, the POC flux increases could contribute positively to long-term carbon
sequestration in the region, offsetting some of the decreases in POC flux from other regions that
contribute to the overall globally integrated decrease in POC flux in this simulation.
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Figure 5. POC flux depth profiles at select locations in the CESM model. The dotted lines
indicate the climatological mean MLDmax at the beginning of the 21st century (2014-2034), in
black, and the end of the 21st century (2079-2099), in blue. The solid lines represent the
short-term and long-term climatological mean annual POC flux. Note: both the x and y axes
differ between panels due to different maximum POC fluxes and maximum depths in each










Flux at 100 m
(mol m-2 y-1)
Flux at 500 m
(mol m-2 y-1)











1346 45 3.80 2.26 0.69 0.32 59.4 18.1 8.4
long-term
(2079-2099)




663 45 4.40 2.70 0.87 0.37 61.5 19.8 8.5
long-term
(2079-2099)





23 35 12.68 7.07 3.07 2.19 55.8 24.2 17.3
long-term
(2079-2099)





123 85 1.36 1.27 0.38 0.25 93.1 28.0 18.1
long-term
(2079-2099)




194 65 2.07 1.65 0.54 0.25 79.8 26.1 11.9
long-term
(2079-2099)





80 35 0.68 0.81 0.23 0.10 63.2 17.7 7.6
long-term
(2079-2099)
64 35 2.31 1.25 0.35 0.15 67.0 18.9 8.2
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Table 2. Characteristics of the depth profile locations shown in Figure 2. Annual MLDmax refers
to the average annual maximum mixed layer depth. Particle compensation depth is where the
maximum POC flux (mol m-2 y-1) occurs. The last three columns show the percent of POC flux at
the specified depths that is occurring in relation to the maximum POC flux (ex. POC flux at 100
m / maximum POC flux x 100%).
3.3b Latitudinal transects
Depth-resolved POC flux changes across latitudes helps put the depth profile results into
a broader spatial context. Looking at transects in the Atlantic and Pacific Ocean, the vertical
lines in Figure 2, allows us to see latitudinal differences in POC flux throughout the entire water
column. In all transect figures (Figures 6-9), the left side of the transect (low x axis values)
corresponds with the high-latitude Southern Hemisphere, and the right side of the transect (high
x axis values) corresponds with the high-latitude Northern Hemisphere. Note that map
coordinates and the x-axis scale of the transect figures do not correspond to exact latitudes and
longitudes because results were plotted on the CESM native grid (Figure 1).
In both the Atlantic and Pacific Ocean (Figures 6-9), the highest POC fluxes are found at
the top of the water column because that is where POC is being generated through primary
production. The highest amounts of POC flux are typically above the MLDmax, which can be
most easily seen in the zoomed in transects (Figures 7 and 9). As in the depth profiles (Figure 5),
flux attenuates at depth. In the Atlantic Ocean, the greatest declines in POC flux over the 21st
century are seen in the North Atlantic, which also corresponds with the greatest shoaling of the
MLDmax (Figure 6 and 7). It is important to note that this decline, though greatest at the surface,
extends throughout  the entire water column. Not only does this reduce the amount of carbon the
ocean is able to store on long time scales, it also reduces the supply of energy to mesopelagic
ecosystems, which rely on POC flux as the base of their food web (Cavan et al., 2019;
Dall’Olmo et al., 2016).
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One thing that is interesting to note about both the Atlantic and Pacific transects is that
both show POC flux increases in Southern Hemisphere high-latitude regions, i.e. the Southern
Ocean (Figures 6-9). As discussed earlier, this is likely related to increases in primary
productivity in this region (Cabré et al., 2015; Laufkötter et al., 2015). Overall, the Atlantic
Ocean transect shows greater magnitudes of simulated changes in POC flux, both in North
Atlantic increases and Southern Ocean decreases, than are found in the Pacific Ocean transect.
Viewing the depth resolved data as latitudinal transects highlights the relationship between
regions of high POC flux and spatial variations in the MLDmax, which can be used to identify
areas of high sequestration that would not be fully captured if only viewing POC flux at 100 m.
For example, in the Equatorial Pacific (Figure 9a and b; lat = ~200) we see high rates of POC
flux extending from the surface to below the MLDmax area with a shallow MLDmax, indicating
that high rates of POC being sequestered long-term. In the North Atlantic, the transects provide a
way of visualizing the scale of change and how this could relate to the massive shoaling of the
MLDmax in this region (Figure 7). Declining POC flux could be the result of lower primary
productivity in the North Atlantic surface ocean, a decrease in particle sinking speed, an increase
in remineralization rates, or a combination of all of these factors. In more stratified water
columns, particles do not have to sink as far to be sequestered long-term, yet in the North
Atlantic we see MLDmax shoaling paired with large declines in POC flux, which indicates a
strong decrease in carbon sequestration by the biological pump in this region. As a whole, and in
the North Atlantic especially, the latitudinal transects reveal an overall decline in the biological
pump’s strength over the 21st century. Though there are some latitudes where POC flux
increases over time, particularly in the Southern Ocean, these are outweighed by the regions of
declining POC flux. Globally, this reflects what other model studies have predicted, that the
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biological pump’s strength will decrease as the result of a high emissions climate change
scenario (Bopp et al. 2013; Cabré et al. 2015; Fu et al. 2016; Laufkötter et al. 2016; Palevsky and
Doney 2021).
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Figure 6. Latitudinal transect of a) Short-term (2014-2034), b) Long-term (2079-2099), and c)
Change in POC flux in the Atlantic Ocean throughout the entire water column. Results are
plotted on the CESM native grid, thus a latitude of 0 corresponds with high-latitude Southern
Hemisphere, and a latitude of 384 corresponds with high-latitude Northern Hemisphere. The
black line in panels a and b indicates the maximum annual MLD, and all gray spaces are model
grid cells outside the spatial domain of the marine biogeochemical model component. The exact
Atlantic Ocean transect location is given in Figure 2.
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Figure 7. Latitudinal transect of a) Short-term (2014-2034), b) Long-term (2079-2099), and c)
Change in POC flux in the Atlantic Ocean zoomed in to 1000 m depth. Results are plotted on the
CESM native grid, thus a latitude of 0 corresponds with high-latitude Southern Hemisphere, and
a latitude of 384 corresponds with high-latitude Northern Hemisphere. The black line in panels a
and b indicates the maximum annual MLD, and all gray spaces are model grid cells outside the
spatial domain of the marine biogeochemical model component. The exact Atlantic Ocean
transect location is given in Figure 2.
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Figure 8. Latitudinal transect of a) Short-term (2014-2034), b) Long-term (2079-2099), and c)
Change in POC flux in the Pacific Ocean throughout the entire water column. Results are plotted
on the CESM native grid, thus a latitude of 0 corresponds with high-latitude Southern
Hemisphere, and a latitude of 384 corresponds with high-latitude Northern Hemisphere. The
black line in panels a and b indicates the maximum annual MLD, and all gray spaces are model
grid cells outside the spatial domain of the marine biogeochemical model component. The exact
Pacific Ocean transect location is given in Figure 2.
39
Figure 9. Latitudinal transect of a) Short-term (2014-2034), b) Long-term (2079-2099), and c)
Change in POC flux in the Pacific Ocean zoomed in to 1000 m depth. Results are plotted on the
CESM native grid, thus a latitude of 0 corresponds with high latitude Southern-Hemisphere, and
a latitude of 384 corresponds with high-latitude Northern Hemisphere. The black line in panels a
and b indicates the maximum annual MLD, and all gray spaces are model grid cells outside the
spatial domain of the marine biogeochemical model component. The exact Pacific Ocean
transect location is given in Figure 2.
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Chapter 4: Conclusions and Future Research
4.1 Results summary
In summary, CESM data from a high-emissions scenario (SSP5-8.5) for the 21st century
projects a 4.4% global decline in the strength of the biological pump, evaluated as POC flux
through the 100 m depth horizon, though this decline is less severe than the predicted decline in
the CMIP5 version of CESM (8.6%; Palevsky & Doney, 2021). Changes in POC flux are not
distributed equally throughout the ocean; the greatest declines are found in the North Atlantic,
the greatest increases are found in the Southern Ocean, and lower magnitudes of change are
generally found in the subtropical gyres (Figure 3c). One key influence on changes in carbon
sequestration by the biological pump are changes in the MLDmax, which is anticipated to shoal
globally over the 21st century. Increased stratification, as we see most dramatically in the North
Atlantic (Figure 4c), reduces nutrient supply and causes POC declines, but it could also mean
that more POC is sequestered and not ventilated to the atmosphere through convective winter
mixing. Thus, understanding POC flux patterns using depth resolved data gives a fuller picture of
how POC flux is sequestered long-term than POC flux data archived solely at 100 m. In the six
depth profile locations highlighted in this thesis (Figure 5), we see the maximum POC flux
occurring in the surface ocean, and flux attenuation with depth. Flux magnitude, the extent of
change, and the percent of POC flux that is occurring at various depths varies by location (Table
2). Latitudinal variations are also seen in POC flux across depth, as visualized through transects
(Figures 6-9). CESM shows greater POC flux change in the Atlantic transect than the Pacific
transect, with increases in Southern Hemisphere high-latitudes and decreases in most other areas,
particularly in the North Atlantic. Declines in the strength of the biological pump will decrease
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the ocean’s ability to absorb CO2 from the atmosphere, which could serve as a positive feedback
exacerbating climate change.
4.2 Key contributions
My research contributes to ongoing conversations about using modeling to understand
the biological pump and the impacts that climate change could have on this complex,
biologically, and physically influenced system. It highlights the increased potential methods of
analysis that are possible with CMIP6 data, in particular, the benefits of archived depth-resolved
POC flux data, which was, for the first time, a priority variable to archive in CMIP6 (Orr et al.
2017).  An additional key contribution from my thesis are the depth-resolved latitudinal transects
that show the change in POC flux over the 21st century (Figures 6-9). Visualizing latitudinal
patterns allows us to cross-compare modeled POC flux changes between ocean basins and helps
us see how deep signals of POC flux change go. These latitudinal transects illustrate the
importance of looking not just at the 100 m depth horizon, but at the full depth-resolved data.
Variations in transfer efficiency and flux attenuation occur both spatially and over time in the
modeled simulation, meaning that you cannot accurately understand the process of the biological
pump just from 100 m.
My methodology demonstrates the benefits of cloud computing in ESM data analysis.
Working with depth-resolved POC flux data adds 60 times as many data points to already large
NetCDF files, which requires a computational capacity that scientists have not had to use in their
previous analyses of ESM data. This can create an analysis barrier for scientists who don’t have
experience with or access to high-power virtual machines. Though it requires more background
knowledge and can be very difficult at times (even with Microsoft Azure’s relatively
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user-friendly interface), cloud computing makes computational capacity less of an issue because
I can resize my virtual machine to any level of computational power I need (Copeland et al.,
2015). This is a major benefit when looking at large four dimensional ESM data because the
virtual machine processes data much faster and does not crash. Furthermore, the process of
downloading is much more efficient because the virtual machine runs using Microsoft’s
high-speed WiFi. This cloud computing methodology will be very useful in completing a
multi-model comparison and being able to make more complex calculations using CESM data.
4.3 Additional modes of analysis
With the time spent learning the ins-and-outs of cloud computing, building my virtual
machine, and acquiring all the necessary data, the scope of this thesis did not include enough
time to complete a multi-model comparison between ESMs or analyze all the data that was of
interest from the CESM2 simulation. Thus, I would like to outline additional analyses that would
be useful to complete using the CESM2 data.
I chose to analyze data from the SSP5-8.5 scenario because, as the scenario with the
highest levels of anthropogenic fossil fuel emissions and land use changes (O’Neill et al., 2016),
it gives the strongest signals of climate change impacts on the Earth system. It is important to
note that this study is more useful when interpreted as a process study, rather than a study solely
about climate change predictions. I genuinely hope that the world does not have to deal with the
impacts modeled in SSP5-8.5, both biological pump-related and otherwise. One thing that would
be interesting and important to look at in the future are the impacts of climate change on the
biological pump under more sustainable climate change scenarios, such as SSP1-2.6 or
SSP2-4.5. This would give a better understanding of the range of impacts on the biological
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pump, and would allow for further understanding of whether climate change impacts the
biological pump linearly or nonlinearly.
The main additional calculation I would like to make on the CESM2 SSP5-8.5 data
analyzed here is calculating POC flux at the MLDmax depth horizon, as seen in Palevsky &
Doney (2021) and Palevsky & Doney (2018). For global and regional analyses related to the
ocean’s role as a carbon sink, MLDmax is the ideal depth horizon choice because below the
MLDmax, POC is considered sequestered away from contact with the atmosphere on timescales
longer than a year (Palevsky & Doney, 2018; Palevsky & Doney, 2021). POC that is sequestered
below the shallower summer mixed layer depth may be vented and remineralized during times of
convective winter mixing (Körtzinger et al., 2008; Palevsky et al., 2016), making the 100 m
depth horizon, which is widely-used by modeling groups for its simplicity in calculating, less
relevant for understanding the impact of  POC flux on global climate. I anticipate that future
analysis of the change in POC flux over the 21st century at the MLDmax depth horizon will show
a slight decrease in the percent change of global carbon export as compared to the analysis at the
100 m depth horizon presented here, as this is what Palevsky and Doney (2021) found in their
analysis of CESM1. I also expect more pronounced regional differences in POC flux change,
particularly in the North Atlantic, where there is massive shoaling of the MLDmax.
Two additional variables I would like to investigate with the CESM2 data are net primary
productivity (NPP) and the e-ratio, the fraction of NPP that is exported past the defined depth
horizon. Globally, NPP is projected to decrease due in part to increased stratification, which
inhibits the delivery of nutrients necessary for photosynthesis to the surface ocean, and increased
warming-induced increases in grazing pressure (Laufkötter et al., 2015). However, in the
Southern Ocean and Equatorial East Pacific, NPP is projected to increase due to mechanisms that
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are not yet well understood (Laufkötter et al., 2016). E-ratio is predicted to decrease globally by
5.6% at the 100 m depth horizon in CESM1 (Palevsky & Doney, 2021), so I anticipate the e-ratio
results in CESM2 will be similar. Additionally, I would like to investigate the change in e-ratio at
both the 100 m depth horizon and the MLDmax depth horizon. Like the evaluation of POC flux at
the MLDmax there has yet to be a multi-model comparison of e-ratio evaluated at the MLDmax.
4.4 Multi-model comparison
A next step to build upon this thesis would be to complete a multi-model comparison,
which involves analyzing data from multiple ESMs to capture the range of model variability,
thus giving an improved understanding of model uncertainty and areas of model disagreement.
Model uncertainty can be a result of 1) model parameterizations - different formulas used to
constrain model variables, 2) unforced internal variability - the fact that future climate is
uncertain simply as a result of the chaotic nature of Earth’s climate system, and 3) scenario
variability - lack of knowledge of future emissions patterns and the resultant changes in radiative
forcing (Lehner et al., 2020). Past multi-model comparison studies of the biological pump using
CMIP5 models and scenario RCP8.5 (analogous to SSP5-8.5) have shown similar ranges of
projected 21st century decline in global POC flux in their CMIP5 multi-model comparisons: 1%
to 12% in Laufkötter et al (2016), 6 to 16% Cabré et al. (2015), 7 to 18% in Bopp et al. (2013),
and 7 to 18% in Fu et al. (2016). Each of these studies were only able to evaluate POC flux
changes at the 100 m depth horizon since CMIP5 did not archive depth-resolved POC flux
output. At this time, no multi-model comparisons on POC flux or e-ratio using the MLDmax depth
horizon, or any other depth horizon, have been completed. I have identified five CMIP6 models
that would be good contenders for a multi-model comparison of POC flux using alternative depth
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horizons: CESM2, GFDL-ESM2, MPI-ESM1-2, UKESM1-0-LL, and IPSL-CM6A. Cross
comparing these models at multiple depth horizons -  including MLDmax, 100 m, the base of the
euphotic zone, and the particle compensation depth (Palevsky and Doney 2018) - and different
scenarios would provide new insights to see the range of biogeochemical model differences from
the most advanced ESMs available at this time. This would also help identify strong areas of
uncertainty in ESM biogeochemical models, which could provide further justifications of areas
to focus on improving data collection.
4.5 Improving marine biogeochemical models
Ultimately, it is important to remember that no model is a perfect representation of the
natural world, and a model is only as good as the data and equations behind it. Marine
biogeochemical modeling is a relatively new and actively evolving area of climate model
research. Some of the key areas of improvement needed with ocean biogeochemical models
include advancing parameterizations of the ballasting of particles, more complex
characterizations of phytoplankton physiology and ecology, improved inclusion of
micronutrients like copper, zinc, and iron, and improved coupling between Earth system
components and the ocean biogeochemistry component (Séférian et al., 2020). CESM2, like
other ESMs, does not fully represent the biological pump and by no means has a perfect
representation of the parts represented. For instance, gravitational POC flux is just one aspect of
the biological pump; DOC flux, the eddy pump, the mixed layer pump, and convective mixing
are additional aspects that influence the biological pump (Le Moigne, 2019), and these aspects
will all be impacted by climate change. By collecting more observational data in understudied
regions, we can continue to improve ESMs and create better predictions that will help further
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understanding of biological pump complexities, as well as fuel policy recommendations for
reducing emissions and ensuring that SSP5-8.5 does not become a reality.
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